Nicorandil is a vasodilatory drug used to relieve angina symptoms. Several healthcare products regulatory agencies have issued a warning associating the use of nicorandil and gastrointestinal (GI) ulceration. We aimed to evaluate the association between use of nicorandil and GI ulceration/ perforation. A population-based cohort study involving 1 million randomly sampled participants in Taiwan's National Health Insurance Research Database was carried out. We estimated the association between use of nicorandil and GI ulceration/perforation by a Cox proportional hazards regression model. A nicorandil-specific propensity score (PS) was also created for adjustment of 75 covariates and matching. 25.8% (183/710) of nicorandil-treated patients developed new GI ulcer events and 1.6% (20/1254) developed new GI perforation events in the three-year follow-up period, as compared to 9.3% (61,281/659,081) and 0.3% (2,488/770,537) in the general population comparator cohort. Patients treated with nicorandil were at significantly increased risk of GI ulcer (PS adjusted hazard ratio 1.43, 95% CI, 1.23 to 1.65, 6848 excess cases per 100,000 person years) or GI perforation (aHR 1.60, 95% CI 1.02-2.51, 315 excess cases per 100,000 person years) compared with the nicorandil unexposed population. Our finding may warn the clinicians to weigh the overall risk-benefit balance of nicorandil treatment in patients.
products regulatory agencies have taken notice of this potential ulceration adverse effect and issued warnings on use of nicorandil.
Nicorandil is a common antianginal medication in Europe and Asia. UK's 2008 annual prescription data suggested that over 100, 000 people in the U.K. are prescribed with nicorandil 19 . The pharmacological properties of nicorandil came from the nicotinamide ester, which can result in vasodilation of arteries and veins. In several randomized controlled trials, nicorandil has demonstrated equivalent efficacy to nitrate, calcium channel blockers, and beta-blockers in relieving angina symptoms [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Unfortunately, these randomized controlled trials did not monitor gastrointestinal (GI) ulceration or perforation as one of the adverse effects.
Since there was no large-scale study conducted to quantify the observed association between nicorandil treatment and GI ulceration/perforation (as far as we were aware), case reports were the only supporting evidence for increased risk of GI ulceration/perforation. Evidence from case reports should be interpreted with caution, due to the limited sample size and the possibility of confounding bias. For example, nicorandil subjects who also took traditional non-steroidal anti-inflammatory drugs were predisposed to 3 fold higher risk of GI ulceration or perforation [30] [31] [32] . Thus, there is a need to correct for the known risk factors for GI ulceration or perforation, before the association between nicorandil and GI ulceration/perforation can be suggested. With the limitation of the prior studies in mind, we used a 1 million national representative cohort to study the potential link between nicorandil treatment and risk of GI ulceration/perforation.
Methods
Setting and Data Collection. We carried out a population-based cohort study using the National Health Insurance Research Database (NHIRD) of Taiwan, done in accordance with STROBE guideline and under the approval of the institutional review board of National Taiwan University Hospital. The database contains de-identified secondary data, and met the requirements of the "Personal Information Protection Act" in Taiwan. Thus, the data were analyzed anonymously and the need for informed consent was waived.
Several studies have showed that the NHIRD is appropriate for use in pharmacoepidemiologic research [33] [34] [35] . The demographics and complete claim history of 1 million representative Taiwanese can be found in the NHIRD database. Detailed claim history includes electronic claim records of outpatients, inpatients, pharmacy prescription, quantity of medications, route of administration, diagnoses, operations, and procedures.
Study population.
We used a study cohort of NHIRD that consists of a longitudinally followed up Taiwanese population from January 2005 to December 2009. All participants in the NHIRD who were aged 20 years and over at 1 January 2005 and had at least one inpatient or outpatient visit in the previous 6 months were eligible for inclusion. Considering the time-varying risk after initial exposure to nicorandil, we adopted a new user cohort design 36 , in which previous users of nicorandil were excluded before cohort entry. We excluded all patients who received at least one prescription of nicorandil in 2005, and assessed the nicorandil exposure status in 2006. Nicorandil users were defined as subjects who redeemed one or more prescriptions for nicorandil. In Taiwan, the prescription length of nicorandil is usually between 14 and 28 days. Patients entered the cohort on the first day of year 2007 and were followed up for 3 years until the first occurrence of the either event: diagnosis of gastrointestinal ulcer/ perforation, termination of health insurance coverage, death, or end of the study period, whichever came first. We do not aim to study the risk of GI ulceration/perforation recurrence; therefore, patients who had been diagnosed with GI ulceration or perforation before 2007 were excluded for analysis. Considering GI ulceration and GI perforation are two related but different diseases, we created two separate cohorts for analysis. Cohort 1 excluded prevalent cases of GI ulceration before 2007 and cohort 2 excluded prevalent cases of GI perforation before 2007. In addition, patients with the following special conditions that can lead to increase risk in GI ulceration/ perforation were excluded: ingestion of corrosives (ICD-9 CM 983), Behcet's syndrome (ICD-9 CM 136.1), disorders involving the immune mechanism (ICD-9 CM 279), polyarteritis nodosa and allied conditions (ICD-9 CM 446), diffuse diseases of connective tissue (ICD-9 CM 710), rheumatoid arthritis and other inflammatory polyarthropathies (ICD-9 CM 714).
Outcomes. Cohort 1 was assessed for GI ulceration and cohort 2 was assessed for GI perforation. GI ulceration was defined by ICD9-CM codes associated with either upper GI ulceration (530.2, 531.X, 532.X, 533,X, 534.X) or lower GI ulceration (569.41 and 569.82) plus procedure code for esophagogastroduodenoscopy or colonoscopy. GI perforation was defined by ICD9-CM with either one of the following type of perforation: gastric perforation (531.1, 531.2, 531.5, 531.6, 532.1, 532.2, 532.5, 532.6, 533.1, 533.2, 533.5, 533.6, 534.1, 534.2, 534.5, 534.6) and small or large intestinal perforation (569.83) plus procedure code for laparotomy or computed tomography. NHIRD prevents the linkage between claim database and medical records; therefore we could not perform the validation of outcome in these 2 cohorts. Instead, we tested the accuracy of our outcome definition by performing an independent validation on one hundred electronic medical records from a university hospital. The combined diagnostic and procedure code definition in this study have a positive predictive rate of 83% for GI ulceration and 89% for GI perforation. Covariates. In order to be as comprehensive as possible in adjusting for factors that might confound the drug-outcome association, we reviewed literature for covariates related to gastrointestinal ulceration/ perforation and angina (the main indication for nicorandil). 75 relevant covariates (Table 1) were chose and assessed from January 2005 to December 2005. There are seven category of covariates: demographic variables, risk factors for intestinal ulceration/perforation, respiratory comorbidities, cardiovascular comorbidities, musculoskeletal comorbidities, healthcare service utilization, and use of specific medications. Each individual's burden of comorbidity was quantified by a combined weighted comorbidity score. This index is an improved comorbidity index based on the Elixhauser system 37 . The score contains common comorbidities such as myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, ulcer disease, liver disease, diabetes, hemiplegia, renal disease, neoplasms and AIDS. Data Analysis. The baseline characteristics of participants were described and compared among nicorandil users and nonusers (Table 1 ). To examine differences in baseline characteristics between nicorandil users and nonusers, we used Pearson chi-square tests for comparison of dichotomous variables and Mann-Whitney U tests for continuous variables. For multivariate analysis, we constructed Cox proportional hazards models to derive hazard ratios and 95% confidence intervals. We tested the proportional hazards assumption by introducing an interaction term of exposure and follow-up time in the model. In addition, we confirmed the assumption of proportional hazards by an examination of the log (minus log) curves (appendix 1).
To consolidate the strength of our findings, we calculated the hazard ratios by three different methods. The first method obtains an unadjusted crude estimate. The second method obtains an adjusted effect estimate by entering the propensity score (PS) into the Cox regression model as a continuous covariate plus a quadratic term to allow nonlinearity. The PS was built by a multivariate logistic model using the prescription of nicorandil as the dependent variable, and the 75 covariates as the independent variables. The PS model (appendix 2, 3) showed high predictability (c-statistic: 0.91, appendix 4) of nicorandil prescription. Finally, using the COX-model, we carried out stratifying on the matched pairs. The matching was done using the greedy matching algorithm without any trimming 38 . We examined the distribution of PS in the study population and checked the balance of each covariate after PS matching by using absolute standardized difference (appendix 5). Standardized differences between the two treatment groups were calculated as the differences in the either the means or the percentage, divided by the pooled standard deviation.
To assess the robustness of the hazard ratios for risk of GI ulceration/perforation in relation to the duration of follow-up, we carried out a subgroup analysis. Predefined subgroups included sex and age of 75 years. To find out if nicorandil users and PS-matched non-users have different cumulative hazard of GI ulceration/perforation, we used the Nelson-Aalen estimators to generate a cumulative hazard function and plot it over time. All analyses were carried out with SAS 9.3 for Windows (SAS Institute Inc, Cary, NC) and the data are reported in accordance with STROBE guideline.
Results
Participant Enrollment and Baseline Characteristics. The baseline characteristics of the two cohorts were displayed on Table 1 . The source population comprises of 1 million participants with 3 years of follow-up. After exclusion of existing users of nicorandil and prevalent cases of GI ulceration/ perforation in the pre-enrollment period, there were 710 nicorandil users in the GI ulceration cohort and 1,254 nicorandil users in the GI perforation cohort. In both cohorts, there were significant differences in the baseline characteristics between nicorandil users and nonusers. Users of nicorandil represented a group of patients with older age, more urban and suburban residents, higher burden of comorbidity, and used more anti-inflammatory, cardiovascular, and antipsychotics medications. We used PS for matching nicorandil users and nonusers. After matching, there were negligible standardized differences in the baseline covariates between nicorandil users and nonusers (appendix 5).
Outcome-GI ulceration. To investigate whether use of nicorandil has differential effects on different part of the GI system, we classified the location of GI ulceration as either upper GI (esophagus, stomach, and small intestine) or lower GI ulceration (large intestine and anus). There are more outcomes of upper GI ulceration outcome (N = 181) as compared to lower GI ulceration (N = 2). ( Table 2) .
During a 3 year follow-up period, nicorandil users were found to have higher incidence of upper GI ulceration (25.5%) as compared to nonusers (9.1%) and propensity score (PS) matched nonusers (18.9%). However, there was no significant difference in the incidence of lower GI ulceration (0.3%) among nicorandil users as compared to nonusers (0.2%).
Unadjusted analysis showed that nicorandil therapy was associated with an increased risk of overall GI ulceration (HR 3.10; 95%CI, 2.68-3.59). (Table 3 ) After adjusting for potential confounders using the PS in the Cox model, nicorandil therapy was still significantly associated with GI ulceration (HR 1.43; 95%CI, 1.23-1.65). PS-matched analysis yielded a similar effect size (HR 1.41, 95%CI 1.13-1.76). The adverse effects of nicorandil therapy were found in the upper GI tract but not in the lower GI tract. Outcome-GI perforation. The association between nicorandil therapy and GI perforation is summarized in Tables 2 and 3 . GI perforation was classified as either upper GI (gastric) perforation or lower GI (small or large intestinal) perforation. There are more outcomes of upper GI perforation (N = 19) as compared to lower GI perforation (N = 1). The crude incidence of upper GI perforation was higher in nicorandil users (1.5%) as compared to nonusers (0.2%) and PS matched non-users (1.2%). There was no significant difference in the crude incidence of lower GI perforation between nicorandil users (0.08%) and PS matched non-users (0.08%).
Unadjusted analysis showed that nicorandil therapy was associated with an increased risk of overall GI perforation (HR, 3.82; 95%CI, 2.46-5.93). PS adjustment decreased the effect size (HR, 1.60, 1.02-2.51), and PS matching further attenuates the effect (HR 1.25, 95% 0.65-2.42). The effect estimates associated with the upper gastric perforation was very similar to the effect estimates obtained for overall GI perforation. Although the effect was not significant, we detected a 68% higher risk of lower GI perforation among the nicorandil treated anginal patients (PS-adjusted HR 1.68, 0.23-12.3).
Time-varying risk analysis.
To describe the time-varying nature of nicorandil associated ulceration/ perforation risk, we draw a hazard function plot over the three year follow-up period (Fig. 1) . We found that the cumulative hazard increased at a faster rate for nicorandil users than nonusers for both the GI ulceration ( Fig. 1A) and GI perforation (Fig. 1B) events. There was no apparent sign of the cumulative hazard plateauing for both nicorandil users and nonusers for both the GI ulcer/perforation cohort. To remove the confounding effect, we further plotted the cumulative hazard over time for 1:1 PS-matched cohort ( Fig. 1 right panel) . For GI ulceration, the cumulative hazard is consistently higher than PS matched nonusers. For GI perforation, the cumulative hazard was higher for nicorandil users in the first 800 days after exposure, and there is a trend toward undifferentiated risk between users and PS matched nonusers after 800 days ( Fig. 1B right panel) .
Subgroup analysis.
To investigate whether there is a differential risk among different populations, we performed analyses on pre-defined age and gender subgroups ( Table 4 ). The interaction term did not reach statistical significance (p-value < 0.05) for any of the subgroups. Compared with non-nicorandil user, the association between GI ulceration/perforation and use of nicorandil was consistent across the subgroups within their cohort. The only exception is the > 75 years of age subgroup in the GI perforation cohort, which has a lower risk of GI perforation.
Gastrointestinal ulceration
Nicorandil User (N = 710) Non-user (N = 659,081) Matched Non-user (N = 708) Table 3 . Crude and adjusted effect measure for the association between use of Nicorandil and risk of incident gastrointestinal ulcer and perforation. HR refers to hazard ratio *refers to p< 0.05, **refers to refers to p < 0.01, and ***refers to refers to p < 0.001. 
Discussion
We carried out a population-based study involving one million national representative participants. After adjustment for PS, use of nicorandil was associated with a 1.4 fold increase in risk for GI ulceration and 1.6 fold increase in risk for GI perforation. The risk of for GI ulceration was consistently higher in the entire three year follow-up period, but risk for GI perforation seemed to be higher only in the first 800 days after exposure.
To the best of our knowledge, the risk of GI ulceration/perforation among nicorandil users has not previously been examined in a large general population. Several randomized controlled trials (RCT) have shown nicorandil to be an effective and safe drug in relieving angina symptoms [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 39 . These RCTs, however, did not associate mucosal and cutaneous ulcerations with nicorandil treatment. The adverse effects of GI ulceration/perforation may be undetected in RCTs if ulceration was not listed as one of the actively surveyed safety endpoints. In addition, most RCTs have a small sample size and exclude elderly patients with multiple comorbidities 40, 41 . It was not until the first case report in 1997 that nicorandil treatment was suspected to cause oral ulcers 1,2 . Since then, many case reports of nicorandil induced GI ulcerations and GI perforations associated with elderly patients have been published 11, 12, 15, [42] [43] [44] . Although the increased incidence of GI ulceration/perforation in patients treated with nicorandil must be validated in other cohorts, evidences from existing clinical observation provide substantial support for our result.
Currently, the best biological hypothesis on how nicorandil might induce ulceration comes from a single patient study that showed ulceration might result from the increased concentrations of nicorandil metabolites in the edge of a previously injured area 45 . Since it is extremely difficult to conduct any large scale clinical studies involving injured subjects with use of nicorandil, it is hoped that scientists can use the animal model to decipher the biological mechanism of nicorandil induced GI ulcerations or GI perforation.
Despite the significant risk of nicorandil associated GI ulceration/perforation identified in this study, clinical decision on nicorandil treatment should consider the background incidence of GI ulceration and GI perforation in a similar (PS-matched) population. In this cohort, the observed risk in the nicorandil treated cohort corresponded to 6848 excess cases of GI ulceration and 315 excess cases of GI perforation per 100,000 person years. In other words, if the observed association were causal, there will be one additional case of nicorandil induced GI ulceration in every 15 nicorandil users, and one additional case of nicorandil induced GI perforation in every 317 nicorandil users. Given the high frequency of nicorandil induced GI ulceration and the high mortality associated with GI perforation, physicians should really weigh the overall risk-benefit balance of nicorandil treatment in patients at high risk for GI ulceration/ perforation.
Results of study should be interpreted in light of both strengths and limitations. The use of a national representative database ensured minimal risk of selective population and related potential bias. In addition, excluding all existing users and cases from analysis may help to minimize the survivor bias. We constructed a highly discriminative PS (C-statistic, 0.91) and use it for matching users and nonusers, which we believe may greatly alleviate confounding by indication. Confounding by indication may have arisen if nicorandil was prescribed for patients at increased risk for GI ulceration/perforation.
Our study also bears some limitations. First, even though we tried to be as comprehensive as possible in adjusting/matching baseline characteristics, there will always be unmeasured confounders. Since we were studying on a claims database, many life style factors such as alcohol drinking and smoking are missing. Both of these factors pose an increase in risk to GI ulceration and GI perforation [46] [47] [48] [49] [50] . We used alcohol-or smoking-related diseases as a proxy for confounding adjustment; nevertheless, we cannot totally exclude the possibility of residual confounding. Secondly, we also cannot rule out the possibility of exposure misclassification. The claims database had no record on whether nicorandil was actually taken by patients. Non-compliance with nicorandil could result in misclassification of non-users to users, but could not misclassified users to non-users. Finally, an even larger study population will be required for answering whether use of nicorandil has differential effect on different parts of the GI system.
This study based on more than 600,000 randomly selected patients found a 43% increase in risk of GI ulceration and a 60% increase in the risk of GI perforation in nicorandil treated patients. The augmented risk of GI complications adds significantly to existing evidence. Given the high mortality and morbidity associated with GI complications, these finding may warn the clinicians to weigh the overall risk-benefit balance of nicorandil treatment in patients at high risk for GI ulceration or perforation.
